INTRODUCTION
The renal complications of diabetes include a rapid initial hypertrophy in the short term, and severe structural and pathophysiological damage in the longer term. Studies (Seyer-Hansen, 1976 , 1983 have shown that there is an early increase in RNA and protein synthesis and a rise in the rate of incorporation of precursors into pyrimidine nucleotides and their derivatives in the kidney during diabetes-induced growth (Cortes et al., 1980a (Cortes et al., ,b, 1982 . The kidney growth rate has been shown to be positively correlated with the blood glucose concentration, and the initial renal hypertrophy can be reversed by insulin (Seyer-Hansen, 1976 , 1977 . Studies in our laboratory have shown that a positive correlation exists between the activity ofthe renal pentose phosphate pathway, which produces ribose 5-phosphate for nucleotide and nucleic acid synthesis, and the growth rate of the kidney in diabetic, unilateral-nephrectomized and diabetic-unilateral-nephrectomized rats (Steer et al., 1982 (Steer et al., , 1985 . The nature of the link between the increased blood glucose and increased activity of the pentose phosphate pathway on the one hand and the increased RNA synthesis and kidney growth on the other remains to be explained. A key intermediate, located at the centre point of these biosynthetic processes, is phosphoribosyl pyrophosphate (PPRibP). Although there is some evidence for an increased bioavailability ofPPRibP in the diabetic rat kidney in vivo (Cortes et al., 1980b) , there is, as yet, little or no direct information on the renal content and the regulation of the metabolism of this important intermediate in diabetes. The present study examined the tissue content of PPRibP in alloxan-and streptozotocininduced diabetes at time intervals up to 14 days after the induction of diabetes. Comparison was made of the effects of diabetes in immature rats, where the kidneys were already in a phase of rapid growth, with the effects in adult animals, where the kidneys had achieved steady-state growth with respect to body weight. Finally, the developmental pattern of renal PPRibP content and kidney growth was also studied from the late-foetal stage up to 100 days of age. A negative correlation was found to exist between the renal content ofPPRibP and the rate of kidney growth in developing animals and in the initial kidney hypertrophy of adult diabetic animals. In immature animals, the effect of diabetes on both tissue PPRibP content and rate of kidney growth was less than in mature rats. The basis of such differences is discussed.
METHODS

Animals
Experimental diabetes. Four groups of rats were used. (a) Rats were taken at different ages, from late pregnancy to 15 weeks old, for the study of the developmental pattern of change of PPRibP content of the kidney. These rats were fed ad lib. with free access to water, and were taken at the appointed age to be killed by cervical dislocation, without any treatment.
(b) Group 2 consisted of immature rats aged 20 days and weighing 45 g. These rats were injected intraperitoneally with a freshly prepared solution ofstreptozotocin (Boehringer, Mannheim, Germany), dissolved in 0.05 Msodium phosphate buffer, pH 4.0, at a dose of 12 mg/100 g body wt. For calculation of the duration of treatment, the day of injection was taken as zero time. Rats in this group were killed, by cervical dislocation, at 3, 5, or 14 days after the induction of diabetes. (c) Group 3 consisted of adult rats aged 8 weeks and weighing 150-200 g. These rats were injected with streptozotocin (12 mg/100 g body wt, intraperitoneally) as for Group 2, and were killed 3, 5 or 14 days after the induction of diabetes. Additionally, one set of rats, designated 3-days-diabetic, were treated with streptozotocin and then given 2 units (intravenously) of Monotard insulin 6, 24 and 30 h after the streptozotocin in order to maintain, as far as practical, normal blood glucose concentrations. Insulin concentrations were assumed to have diminished by 48 h, when the blood glucose began to increase appreciably. These rats were killed after a further 3 days and the results are given in Table 3 as '3-days-diabetic rats'. This treatment was adopted to minimize any short-term toxic effect of the drug itself, as distinct from the diabetic state produced.
(d) Group 4 consisted of adult rats aged 8 weeks and weighing 200-220 g. These rats were injected intraperitoneally with a solution of alloxan monohydrate (Sigma, Poole, Dorset, U.K.) dissolved in acetate buffer, pH 5.4, and used immediately. The dose was 20 mg/100 g body wt. These rats had been starved for the 24 h before the injection and were fed 8 h after the injection. These rats were killed at either 3, 5 or 14 days after the injection. Preparation of tissue extracts Determination of PPRibP content. One kidney (or two kidneys for the young animals given in Table 1 ) was rapidly removed from an animal killed by cervical dislocation, weighed, and dropped into 5 or 10 ml of 100 mM-potassium phosphate buffer, pH 7.4, containing 1 mM-EDTA, which had been pre-heated to 100°C in a boiling-water bath. The choice ofvolume ofhomogenizing medium was set by the weight of the kidney so that the extract was between 1: 5 and 1: 10 (w/v). The kidney was immediately homogenized with an Ultra-Turrax blender (Janke and Kunkel, Staufen i. Breisgau, Germany) for 30 s and returned to the boiling-water bath for a total time of 5 min. The concentration of buffer used here was greater than that used by Reem & Friend (1976) for liver, as was the inactivation time, but these increases were found necessary to allow complete inactivation of the unusually high phosphatase activity of the kidney. Shorter boiling times gave extracts with a lower PPRibP content and in which the PPRibP content rapidly declined on standing on ice. The heated extracts were chilled in ice for 2 min and then centrifuged in an Eppendorf 3200 centrifuge for 1 min. The supernatant from this was used directly without further treatment.
Determination of PPRibP synthetase. Extracts were prepared essentially as described by Lipstein et al. (1978) , except that a more extended dialysis procedure (2 x 1 h) was used.
Assay procedures
Assay of PPRibP. The method used was essentially that described by Buchanan et al. (1982) , except that carrier orotic acid (0.2 mM) was added and the amount of the orotidine 5'-phosphate pyrophosphorylase/orotidine 5'-phosphate decarboxylase enzyme mixture was increased from 1 to 3 mg per assay tube. The increased amount of enzyme permitted a decrease in the incubation time from 20 to 10 min at (37°C) and gave better recoveries of standard PPRibP additions. The 14CO2 produced by the decarboxylase was collected in Hyamine and counted for radioactivity in a Beckman model LS7500 scintillation counter.
Assay of PPRibP synthetase. The activity of this enzyme (EC 2.7.6.1) was measured by the method of Roth et al. (1978) , with two modifications. The first ofthese was the addition of 0.25 mM-dithiothreitol (final concn.) to the assay mixture, and the second was the substitution of a system for the measurement of PPRibP based on the conversion of labelled orotic acid into orotidine 5'-phosphate and the decarboxylation of this product by orotidine 5'-phosphate decarboxylase, to yield 14CO2, in place of the published system, which used hypoxanthine/ guanosine phosphoribosyltransferase.
The synthetase assay mixture contained 20 mM-Pi, i.e. sufficient to achieve maximal activation of the enzyme (Bashkin & Sperling, 1978; Becker et al., 1979) . The assay was carried out in a plastic tube. The incubation mixture for PPRibP assay was (final concns.): potassium phosphate, pH 7.6, 60 mM; MgSO4, 17 mM; Na2 EDTA, pH 7.6, 0.5 mM; dithiothreitol, 0.3 mM; orotic acid, 0.6 mM; 0.15 ,sCi of [carboxy-14C]orotic acid (52 Ci/mol) (New England Nuclear) and 3 mg of the mixed enzyme preparation containing orotidine 5'-phosphate pyrophosphorylase and orotidine 5'-phosphate decarboxylase (Sigma), all in a volume of 215 ,u. To this mixture was added 20 #1 ofdialysed extract as prepared above, and the volume was made up to 700 ,1 with water. After insertion of a collecting tube containing 0.5 ml of 1 M-Hyamine in methanol, the tube was sealed and the whole incubated at 37°C for 5 min. The reaction was started by the injection of 40 1l of mixture containing 25 mM-ribose 5-phosphate and 25 mM-ATP and was allowed to continue for 15 min. At the end of this time, 0.5 ml of 1 M-H2SO4 was injected through the stopper and the collection of 14CO2 continued for a further 30 min. The Hyamine was collected and counted for radioactivity as above. The unit of enzyme activity was defined as that producing 1 /tmol of product in 1 h at 37 'C.
Protein determination. The protein content of both the total kidney homogenates and of the supernatant fraction used for PPRibP synthetase was estimated by the method of Lowry et al. (1951) .
RESULTS
PPRibP content of kidneys taken from rats at different stages of development Table 1 shows the PPRibP content of kidneys taken from rats at different stages of development, from the late-foetal stage up to 100 days post partum: it is lowest in the foetal kidney and rises with increasing age. The rise is most rapid in the first 20 days of extra-uterine life, at the period of most rapid kidney growth, and slows to reach a virtual plateau value, by 40-50 days post partum.
In this latter period, the kidney growth is slower and is more nearly proportional to the increase in body weight. In the earlier phase of development there is a strong correlation between kidney PPRibP content and age (r = 0.802, n = 36, P < 0.001) and between kidney PPRibP content and kidney weight (r = 0.76, n = 36, P < 0.001). Finally, taken over the whole development period studied, there is a strong negative correlation between the renal PPRibP content and the rate of kidney In alloxan-diabetic rats, marked kidney hypertrophy was observed at the shorter time intervals, the increase being statistically significant, but the gain was less marked at the longer time. The PPRibP content showed a reciprocal pattern, being significantly decreased at the two shorter time intervals and unchanged at 14 days. A similar pattern was observed in streptozotocin-treated rats, but the changes were less pronounced. The kidney weight was significantly increased only after 5 days of diabetes, although an appreciable, but not significant hypertrophy had occurred at the shorter time interval Again, kidney growth was associated with decreased PPRibP content, this being significantly lower in the diabetic kidneys than in controls at all stages studied.
In view of the known nephrotoxic effects of diabetogenic agents such as alloxan and streptozotocin (Evan et al., 1984a,b) and the complications of the rapid changes in blood insulin released from the damaged pancreas which follow the administration of these compounds, it was considered desirable to discount, as far as possible, these early transient changes by maintaining streptozotocin-treated rats on insulin over the initial period and then timing the onset of diabetes as the time of withdrawal of insulin 48 h after injection of streptozotocin. This approach has been usefully employed by Seyer-Hansen (1976) .
The results of such an experiment are given in Table  3 , showing that both the kidney growth and the fall of PPRibP content, shown in Table 2 , are still observed, and it appears therefore that these changes must be related to the diabetogenic, rather than the toxic, effect of the drug.
(ii) Immature animals. Only streptozotocin-diabetes was studied in this group of animals. The data in Table 4 show that diabetes had little effect on kidney growth when crude kidney weight is considered, but, when the growth is expressed as kidney wt./100 g body wt., the kidneys of the diabetic rats were significantly larger than those of the age-related controls at each of the times studied. In contrast with the adult animals, the kidney growth was not associated with any fall in PPRibP content except in the 14-day-diabetic group. This exception may be related to the fact that, at death, this last group were aged 34 days and, quite clearly, on the basis of the data in Table 1 , should be-considered mature. The lower PPRibP content of the kidney of diabetic rats at this time reflects not so much a fall in PPRibP, as shown to occur in the kidney of diabetic animals (Table 2) , but an agerelated rise in PPRibP in the control animals, as shown in Table 1 . Activity of PPRibP synthetase in the kidneys of normal and diabetic rats. Table 5 shows the effect of diabetes on the activity of PPRibP synthetase in the kidneys of adult and immature animals. The duration of diabetes in these experiments was chosen to match times at which large changes in the PPRibP content had been observed (Tables 2 and 4 ). The results have been calculated on a wet-weight basis and also as activity/mg of protein to allow for changes of water content under the different conditions. The activity of the enzyme was essentially the same in young and adult rats and was unchanged by diabetes under any of the conditions tested.
DISCUSSION
The kidney appears to be exceptional among the tissues of the adult diabetic rat (Pain & Garlick, 1974) (1982, 1985) link this growth with the high blood glucose and increased activity of the pentose phosphate pathway, both of which originate in the. raised intracellular concentration of glucose, consequent on the free permeability of the kidney to this substrate in the absence of insulin.
The increased RNA content of the kidney in early experimental diabetes could arise from an acceleration of RNA formation (Cortes et al., 1980a) or a decrease in RNA breakdown. This latter possibility, proposed by Hill et al. (I1974) to account for the renal hypertrophy following-unilateral nephrectomy, cannot be ruled out in the renal hypertrophy of diabetes, particularly in view of the report by Cortes et al. (1980a) that insulin promotes a rapid decline in the RNA content of the diabetic rat kidney. However, evidence is available to show that increased purine synthesis de novo also plays some part (Cortes et al., 1980a) , with the further possibility of an increased incorporation of the products of the salvage pathway also being involved. Both of these latter routes would require the presence of PPRibP and, indeed, Cortes et al. (1980a) have provided evidence that the 'bioavailability' of PPRibP may constitute a limiting factor in such incorporations. It is this requirement for PPRibP which may link the observed correlation of a high blood glucose and of PPRibP concentration to the growth process. The sequence of reactions linking glucose to nucleotide synthesis includes the following steps.
(i) Conversion of glucose into glucose 6-phosphate; this is increased, as shown by (a) an increased tissue content of glucose 6-phosphate (Needleman et al., 1968; Steer et al., 1985) and (b) an increased activity of hexokinase (Sochor et al., 1979 .
(ii) Flux through the pentose phosphate pathway; this is increased in diabetes, as shown by (a) measurements ofglucose-6-phosphate dehydrogenase and of6-phosphogluconate dehydrogenase (Steer et al., 1982 (Steer et al., , 1985 and (b) measurements of the metabolism of differentially labelled glucose (Sochor et al., 1979; Steer et al., 1982 Steer et al., , 1985 .
(iii) Formation of ribose 5-phosphate; this is probably increased in diabetes, as shown by the increased activity of the oxidative, and the decreased activity of the non-oxidative, enzymes. of the pentose phosphate pathway (Steer et al., 1985) and because the activity of ribose-5-phosphate isomerase in kidney considerably exceeds that of the oxidative enzymes (Sochor et al., 1986) .
(iv) Bioavailability of PPRibP; this is increased in diabetes, as shown by the competition studies of Cortes et al. (1980a) for the available PPRibP by orotate on the one hand and the nucleotide bases on the other. There is also an increased orotate incorporation into UTP and RNA in diabetes (Cortes et al., 1980a) .
Both the oxidative and the non-oxidative segments of the pentose phosphate pathway can contribute to pentose phosphate formation, required for PPRibP and nucleotide synthesis (Hiatt, 1957 , 1958 : Gumaa & McLean, 1969a Boss & Pilz, 1985) . As emphasized by Horecker (1969) , the pentose phosphate pathway can be regarded as two independent routes to ribose 5-phosphate formation, and the relative contributions of each pathway will be heavily dependent, in any one tissue, on factors Vol. 234 stimulating the oxidative route. This is perhaps most clearly seen in ascites cells, where the oxidative route can be stimulated manyfold by phenazine methosulphate, and this segment then becomes the major source of ribose 5-phosphate. In the absence of such stimulation, or in the presence of inhibitors of NADPH oxidation, the non-oxidative sequence is predominant (Gumaa & McLean, 1969a,b) . In the present experiments, the increase in oxidative-pathway contribution is indicated by the rises of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase activities and in 14C02 yield, and the fall in transketolase activity. Indeed, a negative correlation has been found between the rate of growth of the kidney and transketolase activity in early renal hypertrophy in diabetes (Steer et al., 1985) , indicative of the predominance of the oxidative route in this additional growth.
In the present experiments, a clear-cut pattern has emerged in which kidney growth, whether normal, developmental or the induced growth following the induction of diabetes, is associated with a lowering of the renal PPRibP concentration. In the last case, the possibility that the decrease in PPRibP content could be due to the toxic effect of the diabetogenic agent has been eliminated by the experiment (Table 2) in which the onset of the diabetes was delayed by insulin until the toxic effects of alloxan had abated (i.e. 48 h) and was then allowed to proceed by withholding the administered insulin. In these circumstances the kidney growth and the decrease in PPRibP were still obtained. Further, as shown by Steer et al. (1985) , the prevention of the diabetogenic effect of alloxan, by previous injection of glucose, while leaving any possible toxic effect ofthe drug, prevented the rise in activity of the pentose-phosphatepathway dehydrogenases which normally accompanies onset of diabetes, again linking the enzyme changes to the diabetogenic, as opposed to the toxic, effect of alloxan. It is therefore not unreasonable to associate the decrease in PPRibP with growth, normal or pathological, and not to a drug-induced effect. Nor is this decrease likely to be due to changes in the activation of PPRibP synthetase by Pi, probably the most important determinant of activity (Becker et al., 1979; Raivio et al., 1981) , since measurements of the Pi content of the kidney show this to be unchanged after 5 days of diabetes [immature rats; controls, 1.23 + 0.13; diabetic, 1.16 +0.15; adult rats, controls, 1.30 + 0.017; diabetic, 1.22 + 0.15 (umol/g)].
The earlier findings (see above) that diabetes increases the availability of precursors for PPRibP formation together with the present findings that the activity PPRibP synthetase is not modified by diabetes (Table 5) and the fall in PPRibP concentration (Tables 2-4) all point to the probability that the major determinant in setting the PPRibP concentration in the diabetic kidney lies in the steps linking PPRibP with the increased nucleic acid synthesis accompanying renal hypertrophy in diabetes, although there is the possibility that the activity of PPRibP synthetase is modified. The synthesis of PPRibP via the synthetase is regulated by a large number of factors, including product inhibition, energy charge and the concentration of uridine nucleotides (see Becker et al., 1979) , all of which may be altered to some degree in the diabetic kidney. It is not therefore possible to state at present whether the fall in PPRibP content is related to a decreased rate of synthesis or an increased rate of utilization, or whether both factors contribute.
In this context, it is perhaps relevant that a parallel may be drawn between the present results and the increase in PPRibP found in several tissues in conditions where growth is inhibited. For instance, Buesa-Perez et al. (1980) have found that inhibition of growth of a mouse leukaemia cell line by methotrexate, an inhibitor of nucleic acid synthesis, increased the PPRibP content of the cells some 10-fold, and Tatibana et al. (1982) showed that 6-azauridine, which blocks the conversion of orotidylate into UMP, also increased the cellular PPRibP in Ehrlich ascites cells and spleen cells. Conversely, Peters et al. (1984) have reported that accelerating nucleic acid synthesis by administration of inosine to cultures of a tumour cell line decreases the content of PPRibP.
